Studies of lung volume and particularly functional residual capacity (FRC) have assumed new importance since it has been shown diat large decreases in FRC normally occur with the induction of anaesthesia and are related to the increase in alveolararterial Po, difference.
Functional residual capacity may be measured by body plethysmography, nitrogen washout or helium dilution.
The first mediod requires the patient to be confined within an airtight box and presents obvious difficulties in the case of an anaesthetized patient. However, the method has been used during anaesthesia in volunteers by Shah et al. (1971) and Westbrook, Stubbs and Hyatt (1970) , but it appears unlikely that body plethysmography will find general acceptance for studies of supine anaesthetized patients. T he nitrogen washout method was employed during anaesthesia in the pioneer studies of Bergman (1963) and later by Render, Sittapong and Sessler (1972) but has not been used in any subsequent studies. The method requires that the alveolar gas contains a stable and high concentration of nitrogen immediately before making the measurement. This clearly precludes the use of the technique for patients breathing oxygen/nitrous oxide mixtures or volatile anaesthetics vaporized in high concentrations of oxygen. Thus there are severe limitations on the range of anaesthetic techniques which can be investigated.
Most measurements of FRC during anaesthesia have been made with the helium dilution technique in which the patient's alveolar gas is allowed to equilibrate with gas in a closed circuit containing a fixed amount of helium. The patient's FRC may then be calculated from the reduction in the concentration of helium and the volume of the gas circuit before equilibration took place. It is assumed that no helium is lost from the gas circuit and that the total gas volume is held constant during equilibration by the absorption of carbon dioxide and the addition of the oxygen required for metabolism. The principles of measurement in the conscious subject have been described by Cotes (1968) and Bartels et al. (1963) . A katharometer is usually employed for measuring the helium concentration.
FRC may be calculated from the following expression: ™^, /He,-He,\ FRC=apparatus volume I -~ j -volume of mouthpiece (i) where He, is the helium concentration before the patient is switched into the circuit and He 3 is the helium concentration after equilibration with the patient's alveolar gas. Although this mediod is satisfactory for routine clinical use, it is difficult to allow for minor variations in the apparatus volume which will occur with the different packing of the soda-lime, the position of wide-bore tubing, the water level in the spiro-meter and the position of the spirometer bell. Most workers, therefore, prefer to measure the apparatus volume on each occasion by observing the decrease in helium concentration (He!-He,) when a known volume of air is added to the spirometer circuit, after priming with helium, but before the patient is switched into circuit. FRC is then indicated by the following expression from which apparatus volume is eliminated: The added volume of air may be read directly from the spirometer. The usual corrections are made to convert the volume of the FRC to conditions of body temperature and pressure saturated (BTPS).
SPECIAL PROBLEMS OF THE HELIUM DILUTION TECHNIQUE DURING ANAESTHESIA

Lung volume.
Supine patients have FRC values of the order of 2 litres, and these are reduced substantially with the induction of anaesthesia. These volumes are considerably less than those encountered in seated conscious patients, particularly those with obstructive airway disease. Measurement of such small volumes presents difficulties, as they are small in comparison with the gas volume of the spirometer circuit (approximately 6 litres) and cannot therefore be measured with the accuracy which is normally possible. It is advantageous to make the apparatus volume as small as possible.
Composition of the alveolar gas.
Routine techniques for the measurement of FRC are based on patients who are in equilibrium with the nitrogen in atmospheric air. During anaesthesia, the alveolar gas commonly contains nitrous oxide, halothane or other anaesthetics and an increased concentration of oxygen. Each of these will influence the katharometer reading and must be controlled within close limits during equilibration for the FRC measurement, which normally takes about 5 minutes.
With nitrous oxide, there would be difficulty in maintaining a constant concentration of nitrous oxide during equilibration since the body stores of the gas are large and equilibration is not attained during the first few hours of anaesthesia. In fact measurements of FRC in the presence of nitrous oxide have seldom been attempted using the helium dilution method. Halothane has a low thermal conductivity and clinical concentrations cause a substantial reduction in the thermal conductivity of the gas mixture as measured with a katharometer.
Expiratory pressure.
An increase of end-expiratory pressure results in an increase in FRC by an amount equal to the product of total compliance and the pressure It is not unusual for anaesdietic gas circuits to pfftSuce end-expiratory pressures which are sufficient to cause substantial changes in the FRC. Such changes may erroneously be attributed to anaesthesia unless pressures are carefully monitored and steps taken to ensure that they remain close to atmospheric. Alternatively, studies may entail deliberate changes of end-expiratory pressure to investigate the effect upon FRC (Wyche et al., 1973) .
Artificial ventilation.
Closed circuit helium dilution apparatus cannot be used during artificial ventilation without modification. The simplest approach is to replace the mouthpiece with a device which draws gas from the spirometer circuit and then inflates the patient during the inspiratory phase. The patient is then allowed to exhale passively to a point downstream in the spirometer circuit. A single self-inflating bag with inflation valve may be incorporated in place of the mouthpiece (Laws, 1968) although this would appear to interfere with the free circulation of gas round the circuit (usually about 75 l./min) and so delay equilibration. More elaborate systems have been devised in which there is unimpeded fan circulation with gas withdrawn from a point upstream and returned to a point downstream after it has been used to inflate the patient (Dobbinson, Nisbett and Pelton, 1973 ).
An additional complication arises from the necessity to provide rapid equilibration of gas within all parts of the circuit during priming before the patient is switched into the circuit. It is also advantageous to be able to ventilate the patient with the same minute volume and respiratory pattern before switching him into the circuit for measurement. This requires an alternative gas circuit driven by the same ventilator and, if the circuit is open, it may be conveniently used for collection of expired gas while the spirometer circuit is being primed for an FRC measurement. This permits correlation of FRC with other variables such as the alveolar-arterial Po, difference.
METHODS
This section describes a system which we have developed for the study of FRC under various conditions of anaesthesia as well as in the conscious patient. It is based on the Godart Pulmotest dosed circuit spirometer with helium analysis by katharometer. The circuit is modified for artificial ventilation in accordance with the requirements outlined in the previous paragraph and the accuracy of the system has been assessed under the various conditions of use.
Gas circuit.
The system, when used for measurement of the FRC during spontaneous respiration, consists of a spirometer (K) ( fig. 1 ) with breathing circuit attached, round which the gas is continuously circulated by a fan (L), at a rate sufficient to promote rapid mixing. Valves, therefore, are not necessary and deadspace is minimal, since expired carbon dioxide is swept away to be absorbed in a soda-lime canister (M) placed further down the expiratory limb. Absorbed oxygen is continuously replaced through inlet (Q) at a rate sufficient to keep die end expiratory points on the trace level (S).
In parallel with the main gas circuit is the kadiarometer (H) circuit, round which gas is impelled not only by the pressure differential caused by the fan (L) but also by a small pump in this circuit (not shown). This pump has in parallel with it a duplicate which passes ambient air dorough a reference cell, forming the odicr half of die electrical bridge. In bodi of these lesser circuits, diere are canisters of soda-lime and anhydrous calcium chloride (not shown). For spontaneous respiration, the mouthpiece assembly (N) is attached at XX'.
The apparatus is adapted for IPPV by the replacement of the mouthpiece assembly widi a specially constructed system consisting of two bagin-bottle circuits (O) and (C), either one of which may be driven by a ventilator via tap (1). Each circuit includes a self-inflating rubber bag (Aga) which inflates the patient via an inflating (Aga) valve (F) or (A). These bags have identical characteristics and will return to a constant volume, provided that the surrounding gas is at atmospheric pressure, which can be ensured, prior to any spirometric measurement, by the opening of tap (J).
In the "open circuit", the self-inflating bag (O) extracts gas (with or without anaesthetic agent) from any source at ambient pressure, and delivers it via tap (2) to the patient who subsequently exhales through a respirometer (R) to atmosphere, or to a collecting bag (DB). In the "closed circuit", bag (Q extracts gas from and, during exhalation, returns gas to, the spirometer circuit, which is protected from the inflation pressure by a system of valves (E) and (F> The patient is initially ventilated from the "open" circuit while the "closed" circuit is being primed. In order to mix gases in this "dosed" circuit, for the initial helium readings (He x and He,) a soft rubber bag (CL) is connected to this circuit via tap (G). This 'bag is spring-loaded so that, after inflation by intermittent compression of the self-inflating bag (D) for gas mixing, it deflates to a constant volume, whereupon it is isolated from the circuit by the tap. Bag (D) is also isolated from the "bottle" by a tap.
For the measurement of the FRC, both the ventilator and patient are then quickly and easily switched from the "open" into the "closed" system by simultaneous turning of taps (1) and (2), during a single expiratory pause. The pattern of breathing is unaltered by the changeover. At the completion of the measurement the two taps are switched back again and ventilation, now taken over by the "open" circuit, remains unchanged. Mouth pressure is monitored at all times by an anaeroid gauge (P).
Special features of the system are:
(1) Any ventilator, propelling any gas, may be used as the driving force. Alternatively the patient may be ventilated manually by compressing bag (D).
(2) Changeover from one circuit to the other is quick and easy and does not disturb the ventflatory pattern, which is the same in both circuits.
(3) The presence of a self-inflating bag ensures that, provided pressures are equalized, the apparatus volume remains constant.
(4) The high flow rate of gas round the spirometer circuit is raninmini*^ at all rimes and fhff pressures within the circuit, which could affect the katharometer reading, are kept constant nnrf identical to those prevailing when the circuit is used during spontaneous breathing. The volume of the modified gas circuit, including bag (C), is of the order of 7.5 litres. The large volume of the apparatus in relation to the small FRC of the patient constitutes the major limitation in the accuracy of the method.
Control of inspired gas concentration.
Studies of anaesthetized patients usually require that the patient inhales an oxygen concentration greater than that of air. This must be carefully controlled if changes in FRC are to be related to changes in alveolar-arterial Po, difference. Exchange of nitrogen must be avoided when the patient is switched into the spirometer circuit, since this would influence the katharometer reading. These considerations require that the inspired oxygen concentration be selected in advance and the concentration which the patient breathes on the open circuit should be closely matched by that in the spirometer before switch-in. During measurement of FRC, replacement of absorbed oxygen by addition of oxygen to keep the spirometer trace level ensures that the oxygen concentration in the inspiratory limb of the circuit remains reasonably constant and does not therefore introduce appreciable error into the katharometer reading. Checks of linearity of the system (see below) were carried out at the same constant oxygen concentrations as were used clinically.
Switch-in
For measurements during spontaneous respiration, if the patient is switched into the circuit at some point of the respiratory cycle other than at FRC, adjustment may be made by manipulation of the oxygen supply, to ensure that the end expiratory level, at the end of the measurement is at the correct level. Any error caused by the resulting change in oxygen concentration will be negligible. For measurements during IPPV, however, where movement of the spirometer does not reflect movement of gas to and from the patient's lungs, more difficulty may be experienced in correcting the level. If, on switching out, the end-expiratory point proves to be different from the switch-in level, the difference, as measured on the spirometer, is merely added to or subtracted from the calculated FRC.
The katharometer.
Thermal conductivity of the spirometer gas normally provides a satisfactory means of observing changes in the helium concentration. The response of a katharometer is directly proportional to helium concentration and it is not necessary to convert the reading of the moving coil meter into helium concentrations. The meter is read to one-thousandth of full scale deflection with the aid of a mirror scale.
Katharometers are non-specific gas analysers and will only indicate changes in the helium concentration if the concentrations of other gases are held constant It would be difficult to control the halothane concentration in the spirometer circuit, but this is not necessary since halothane produces a reduction in the katharometer reading which is directly proportional to the halothane concentration, regardless of the diluent gas. Our observations are, in this respect, similar to those of Colgan and Whang (1967) .
The effect of halothane will depend upon many factors, including the sensitivity setting of the katharometer. We have used our katharometer on the lowest sensitivity in order to reduce drift. This setting corresponds to about 14% helium for full scale deflection and, at this sensitivity, 1% halothane was found to reduce the reading by 4.6% of full scale deflection. Our practice is to prime the circuit without halothane and then, after equilibration, to analyse the circulating gas for halothane with a Hook & Tucker ultraviolet analyser, applying an appropriate correction to the He, reading.
Temperature.
By convention, all gas volumes are expressed at BTPS. It is therefore necessary to measure the temperature within the circuit, which may be up to 3°C greater than the ambient temperature, to enable the correct conversion to be made. In our studies, the measurement was made at the end of each run with an Ellab electronic probe.
ASSESSMENT OF ACCURACY
Linearity.
Linearity of the system as a whole may be impaired either by irregularities in the cross-sectional area of the spirometer bell or non-linearity in the response of the katharometer. The latter, in particu- lar, is critical to the accuracy of the method, since an error in He 3 reading of only one-thousandth of full scale introduces an error in the FRC of approximately 3% (60 ml during anaesthesia). Cotes (1968) has described a method of checking the overall linearity by adding serial increments of the appropriate oxygen mixture to the circuit, previously primed with helium, and recording the resulting katharometer readings. The volume of gas added is then plotted against the reciprocal of the helium reading ( fig. 2) . The extrapolation of the line to zero on the latter axis gives a direct read-out of the apparatus volume. We carried out a series of such runs under three different conditions which corresponded to those used clinically:
(1) Oxygen concentration constant at 21%.
(2) Oxygen concentration constant at 35%. (3) Oxygen and helium only in the circuit. Duplicate runs at each concentration produced a linear correlation coefficient between volume and helium concentration 1 of not less than 0.9999 in each case.
Reproducibility and-absolute accuracy.
In the assessment of the error of the method, it is not desirable to use subjects, because of the great variability of the FRC with time, gastric filling and minor variations in posture. We therefore devised a model system of constant known volume which simulated a patient's lungs and could be used to simulate spontaneous or artificial ventilation. This consisted of a self-inflating bag, enclosed in a gastight jar ( fig. 3) , the space between jar and bag representing the analogue lungs; (B) represents the trachea.
For simulated "spontaneous" breathing, intermittent negative pressures were applied to the mouth of the bag (A), while (B) was connected to the spirometer. Mixing was deemed complete when the helium reading became constant. For simulated "artificial" ventilation, the outside of the bag was "ventilated" intermittently through port (B) by the circuit shown in figure 1. The space was kept humidified by the addition of 2 ml of water. The actual volume of the space (shown shaded in fig. 3 ) measured by water displacement, with both gas and bottle filled and pressures equalized, was 4.S28 litres.
Measurements of the volume of the model were then made by helium dilution, using both artificial ventilation and simulated spontaneous breathing. A second series of measurements were made after the lapse of a week, using a different observer. No significant systematic error was found in any of these observations (table I) . The random error may be explained by the difficulties of reading a moving coil meter to one-thousandth of full scale, and may be reduced by the use of a mean value for apparatus volume (table I) . This would not be applicable to single measurements on patients. The random error in the artificial ventilation mode is larger than during simulated spontaneous breathing, because of the inclusion in the circuit of about 1.5 litres of additional apparatus volume. 
